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1. Introduction {#jgra51972-sec-0001}
===============

The cross‐tail current sheet in the near‐Earth tail plasma sheet, where hot high beta plasma dominates, supplies the precipitating particles that emit an aurora and act as a source for the high‐energy particles in the inner magnetosphere. Their acceleration mechanisms are central issues in magnetosphere physics. The stability of the current sheet is of critical importance for substorm and acceleration mechanisms. Recently, a consensus was reached concerning the prebreakup arc and the initial brightening of auroral substorms originating from the near‐Earth plasma sheet at a distance of 10 *R~E~* \[cf. *Donovan et al*., [2008](#jgra51972-bib-0009){ref-type="ref"}; *Akasofu et al*., [2010](#jgra51972-bib-0002){ref-type="ref"}; *Sergeev et al*., [2012](#jgra51972-bib-0026){ref-type="ref"}\]. *Akasofu* \[[2013](#jgra51972-bib-0001){ref-type="ref"}\] suggested that the magnetic energy inside this distance might account for auroral substorms. Some of the stored energy would be released by plasma instabilities \[e.g., *Saito et al*., [2008](#jgra51972-bib-0024){ref-type="ref"}\], and as a result, these instabilities can lead to auroral development, particle acceleration, heating, and transport. The current sheet structure with minimum and maximum current densities may be related to the ground energy state and extra energy states of the magnetotail. The variability of the current density is a basic characteristic of the current sheet, and a comprehensive survey of this has not been reported so far.

The present study was motivated by recent observations from the Cluster and Time History of Events and Macroscale Interactions during Substorms (THEMIS) multispacecraft missions. *Saito et al*. \[[2011](#jgra51972-bib-0025){ref-type="ref"}\] examined a fortuitous event observed by THEMIS, in which all five spacecraft were located near each other in the near‐Earth plasma sheet. This observation allowed them to examine a temporal change in the vertical profile of the current sheet during plasma sheet thinning and a gradual enhancement in the current density. Their observation indicated the formation of an inhomogeneous distribution in the current density, such as a bifurcated current sheet. For a simple one‐dimensional current sheet where the integrated current increases proportionally with the square root of the lobe magnetic pressure, the current density increases with the lobe magnetic pressure and decreases with the thickness of the current sheet.

The conventional picture of thinning is that this occurs from a compression of the plasma sheet during the growth phase of a substorm. *Saito et al*. \[[2011](#jgra51972-bib-0025){ref-type="ref"}\] concluded differently that the enhancement of the lobe pressure was not associated with any plasma sheet thinning. This same feature was also confirmed in the midtail for several events by the Cluster spacecraft \[*Snekvik et al*., [2012](#jgra51972-bib-0031){ref-type="ref"}\]. *Saito et al*. \[[2011](#jgra51972-bib-0025){ref-type="ref"}\] showed that the current density increased to 8 nA/m^2^, and they suggested that a current density with such a high value could not be distributed uniformly in the current sheet for the observed lobe pressure to sustain a force‐balanced state. Therefore, they suggested that the current sheet would have to have a bifurcated structure, with two current density peaks located off the central plane of the current sheet. However, the spacecraft positions did not allow them to confirm that the current density near the central plane of the current sheet was lower than that off the central plane.

The presence of a bifurcated current sheet was initially indicated based on the ISEE 1 and 2 spacecraft observations at a distance of \~11 *R~E~* by *Sergeev et al*. \[[1993](#jgra51972-bib-0027){ref-type="ref"}\]. They studied more than 10 events of the current sheet crossings and identified a thin embedded current sheet. The difference in *B~x~* between the spacecraft indicated that the current density near the magnetic equatorial plane, *B~x~* \~ 0, was not the highest. The Cluster observations in the midtail also indicated the presence of a bifurcated current sheet during a flapping motion \[e.g., *Runov et al*., [2003](#jgra51972-bib-0023){ref-type="ref"}; *Sergeev et al*., [2003](#jgra51972-bib-0028){ref-type="ref"}\], while *Tang et al*. \[[2006](#jgra51972-bib-0032){ref-type="ref"}\] reported a Cluster observation of a bifurcated current sheet with an absence of flapping motion during a quiet time. No conclusive evidence exists to relate flapping motion and formation of a bifurcated current sheet.

Previous studies have suggested that a bifurcated current in the midtail sheet was a feature that originated from the onset of magnetic reconnection \[*Hoshino et al*., [1996](#jgra51972-bib-0014){ref-type="ref"}; *Thompson et al*., [2006](#jgra51972-bib-0033){ref-type="ref"}\]. *Ricci et al*. \[[2004](#jgra51972-bib-0018){ref-type="ref"}\] modeled current sheet flapping, current sheet bifurcation, and magnetic reconnection consistently in a kinetic simulation as an evolution of a Harris current sheet. *Zelenyi et al*. \[[2002](#jgra51972-bib-0035){ref-type="ref"}\] have proposed an idea of plasma sheet "aging," where bifurcation appears during the late stage of current sheet thinning. These mechanisms are applicable to thin current sheet geometries, where ion demagnetization and/or Speiser‐type orbits are important. The anisotropy of the ion temperature could be a cause for a bifurcated current sheet \[*Cheng*, [1992](#jgra51972-bib-0008){ref-type="ref"}; *Sitnov et al*., [2003](#jgra51972-bib-0030){ref-type="ref"}\]. For both observational and theoretical reasons, the potential causes of a bifurcated current sheet in the near‐Earth tail, where a typical plasma/current sheet is considerably thicker (say, a half thickness of 1 to 4 *R~E~*), seem to be absent. In bifurcated current sheets, the scale length can be locally small at two locations in the current sheet. In contrast, a single peak current sheet has its minimum scale length located in the central plane of the current sheet. *Delcourt et al*. \[[2004](#jgra51972-bib-0010){ref-type="ref"}, [2006](#jgra51972-bib-0011){ref-type="ref"}\] have pointed out that such a difference is critical for the thermal ion dynamics in the magnetotail.

For a bifurcated (single peak) current sheet, charged particles with the adiabaticity parameter *κ* \~ 1 (*κ* \< 1) behave quasi‐adiabatically, where the square of *κ* is the ratio of the minimum radius of the magnetic field lines to the Larmor radius \[*Büchner and Zelenyi*, [1989](#jgra51972-bib-0007){ref-type="ref"}\]. Quasi‐adiabatic particles can experience a large energization when they encounter a region with a large curvature of the magnetic field lines, and as a result, they can turn into beams. Hence, the formation of a bifurcated current sheet may be closely related to energization and beam formation.

Another non‐Harris current sheet is an embedded current sheet, which is a superposition of a thin, stronger current sheet on a thick, weaker current sheet. Both the thin and thick current sheets have their peak current densities in the central plane of the current sheet. An embedded current sheet has been reported from the Cluster data at a distance of 16--20 *R~E~* \[*Petrukovich et al*., [2011](#jgra51972-bib-0017){ref-type="ref"}, and references therein\]. Petrukovich et al. suggested that the embedded current sheets might be formed by ions having Speiser‐type trajectories or by anisotropic ions. *Asano et al*. \[[2005](#jgra51972-bib-0005){ref-type="ref"}\] tried to answer the question, "What type of structure is typical for current sheets in the magnetotail?" Although the answer to this question remains unknown, at least their results suggest that deviations from a Harris current sheet occur frequently.

The present paper focuses on the vertical structure of the current density in the near‐Earth tail and its basic properties. This paper covers all geomagnetic conditions, whereas most previous studies have been concerned with the current sheet structure during substorms. [Section 2](#jgra51972-sec-0002){ref-type="sec"} describes the data and method used, where simplifications are introduced to perform statistical analysis. [Section 3](#jgra51972-sec-0003){ref-type="sec"} discusses the statistical variability and distribution of the current density. [Section 4](#jgra51972-sec-0004){ref-type="sec"} shows that although this study assumes a number of simplifications in the analysis, the present results stand as convincing evidence that the current sheet is, on average, bifurcated as well as when the current density increases to high values. In [section 5](#jgra51972-sec-0008){ref-type="sec"}, conclusions and comments on future work are provided.

2. Data and Method {#jgra51972-sec-0002}
==================

The present study used THEMIS \[*Angelopoulos*, [2008](#jgra51972-bib-0003){ref-type="ref"}\] observations from 1 March 2007 to 31 December 2013. The THEMIS mission consisted of five identically instrumented spacecraft. The magnetic field data were obtained using fluxgate magnetometers \[*Auster et al*., [2008](#jgra51972-bib-0006){ref-type="ref"}\]. Solar Magnetic (SM) coordinates were used in the present analysis. [Appendix A](#jgra51972-app-0001){ref-type="app"} discusses why we chose SM coordinates rather than Geocentric Solar Magnetospheric (GSM) coordinates for the region of interest. We have checked that the use of GSM coordinates did not change the statistical properties presented in the next section.

One method for calculating the cross‐tail current density, *J* ~*y*~(see [Appendix B](#jgra51972-app-0002){ref-type="app"}), is to use simultaneous measurements of the magnetic field from two spacecraft, where Ampere\'s law can be approximated by $$J_{y} = \frac{1}{\mu_{0}}\frac{\Delta B_{x}}{\Delta z}\text{,}$$where Δ*B* ~*x*~ and Δ*z* are the differences in the magnetic field and the separation between two THEMIS spacecraft, respectively. Because the THEMIS orbits were not specifically designed to take spatial derivatives in the *z* direction, the observations needed to be selected carefully to minimize any potential errors. Equation [(1)](#jgra51972-disp-0001){ref-type="disp-formula"} was used to obtain values for *J* ~*y*~ when all the following criteria were satisfied: The separation between two spacecraft in the *z* direction was Δ*z* \< 0.7 *R* ~*E*~.The ratio $\frac{\Delta z}{\Delta r}$ was \> 2, where $\Delta r = \sqrt{\Delta x^{2} + \Delta y^{2}}$ and is the radial separation of two spacecraft in the *x‐y* plane.Δ*B* ~*z*~ was \< 5 nT.

The first and second criteria were introduced to achieve high accuracy when performing spatial derivations in the *z* direction. While mathematically, the length of Δ*z* needs to be infinitely small, in practice, Δ*z* needs to be large enough to neglect any baseline differences between the magnetometers. For the THEMIS spacecraft, the spacing between the spacecraft was always large enough not to be of concern for these errors. Hence, only the upper limit was considered. The parameters in the first and second criteria were chosen by iteratively trying different values so that a set of observations was abundant enough to assess the vertical distribution. Owing to a finite length of Δ*z*, the calculated current density was underestimated. Accordingly, the spatial profile obtained was less pronounced than the actual profile.

The third criterion was introduced for two reasons. First, the present method ignored the *x* dependence of $\frac{\Delta B_{z}}{\mu_{0}\Delta x}$ in calculating *J* ~*y*~, and this component may not always be negligible in the near‐Earth tail. Equation [(1)](#jgra51972-disp-0001){ref-type="disp-formula"} was used with this criterion to avoid a large error. Accordingly, the $\frac{\Delta B_{z}}{\mu_{0}\Delta x}$ component was small. At the most, the current density may have been overestimated by a maximum of \~2 nA/m^2^ (e.g., Δ*B* ~*z*~ = 80 nT between *x* = − 6 *R* ~*E*~ and − 11 *R* ~*E*~). For a tail‐like geometry, this value of $\frac{\Delta B_{z}}{\mu_{0}\Delta x}$ should be much smaller. Second, this criterion was used to determine whether or not the coordinate system used was appropriate. A small value of Δ*B* ~*z*~ is in accord with the assumption that the *x* axis of the SM coordinates is assumed to be parallel to the current sheet. In other words, the largest variance of the magnetic field is assumed to remain in the *z* direction. Note that the actual location of the central plane of the current sheet may lie somewhere between the *Z* = 0 plane of the GSM coordinates and that of the SM coordinates. The use of the third criterion meant that we only applied equation [(1)](#jgra51972-disp-0001){ref-type="disp-formula"} when the central plane of the current sheet and the magnetic equator were approximately parallel to the *Z* = 0 plane of the SM coordinates. See [Appendix A](#jgra51972-app-0001){ref-type="app"} for the orientation of the magnetic equator.

To focus on the vertical profile of the cross‐tail current sheet, only the midnight sector (\|*Y*\| \< 5 *R* ~*E*~) of the near‐Earth magnetotail (−8 \> *X* \> −12 *R~E~*) was examined. In addition, the observations were selected when the two spacecraft were in the same hemisphere. This criterion was checked using the sign of *B* ~*x*~ and was required to determine the vertical location of the current density where the vertical location is given by the amplitude of *B* ~*x*~. A north‐south symmetry was assumed throughout the present analysis. The average value of *B* ~*x*~ between the two spacecraft was used to specify the vertical location. The magnetic field data were averaged for 5 min to eliminate fast temporal variations. The current density was sampled every 10 min to halve the number of observations to reduce any overlaps. As a result, we made 3838 current density observations for detailed analysis.

3. Results {#jgra51972-sec-0003}
==========

Figure [1](#jgra51972-fig-0001){ref-type="fig"} shows observations of the current density, *J* ~*y*~, that satisfied all the selection criteria listed above. The values of *J* ~*y*~ versus \|*B* ~*x*~\| are presented separately for typical and high solar wind pressure conditions. This study used a 1 h average of the OMNI data to examine the solar wind dynamic pressure, *P* ~dy~, and we defined *P* ~dy~ \< 3 nPa as a typical value and *P* ~dy~ \> 5 nPa as a high solar wind pressure condition. Figure [1](#jgra51972-fig-0001){ref-type="fig"} includes 3464 observations of *J* ~*y*~ for *P* ~dy~ \< 3 nPa and 61 observations of *J* ~*y*~ for *P* ~dy~ \> 5 nPa. The remaining 313 observations of *J* ~*y*~ for 5 ≥ *P* ~dy~ ≥ 3 nPa are not shown here. Near the central plane (say for \|*B* ~*x*~\| \< 20 nT), the current density ranged from 1 to 8 nA/m^2^ for *P* ~dy~ \< 3 nPa and ranged from 2 to 6 nA/m^2^ for *P* ~dy~ \> 5 nPa. The variation in the current density turned out to be larger for typical solar wind conditions. It should be noted that the minimum current density did not reach a null value near the central plane for both solar wind conditions, showing a perpetual presence of the current sheet in the near‐Earth tail. These two panels show that the minimum current density increased with the solar wind dynamic pressure. The increase in the minimum current density for high solar wind pressures can be explained by plasma sheet compression. If the current density is uniformly distributed, then a current density of \~1 nA/m^2^ gives a half thickness of the current sheet of \~2.5 *R~E~* for a lobe field amplitude of \~40 nT in a pressure‐balanced state. When the solar wind dynamic pressure is high, the lobe field amplitude is also large. Hence, the increase in the minimum current density can be explained.

![Vertical profiles of the cross‐tail current density, *J* ~*y*~. (top) *J* ~*y*~ versus the amplitude of *B* ~*x*~ for a typical solar wind condition. High current densities (*J* ~*y*~ \> 4 nA/m^2^) are denoted by the red filled circles; otherwise, the current densities are denoted by cyan filled circles. The black solid and black dashed lines show the median profile of the current density at − 8 \> *X* \> − 10 *R~E~* and − 10 \> *X* \> − 12 *R~E~*, respectively. (bottom) *J* ~*y*~ versus the amplitude of *B* ~*x*~ for high solar wind pressure conditions.](JGRA-120-6258-g001){#jgra51972-fig-0001}

On the other hand, the highest current densities cannot be simply explained by high solar wind pressures. They occur predominantly during typical solar wind conditions. For high solar wind pressure conditions, a current density \> 4 nA/m^2^ can form near the central plane of the current sheet, being consistent with the uniform compression of the plasma sheet. For typical solar wind conditions, there is no high current density near the central plane of the current sheet, and therefore, explanations of the high current density are outside the framework of plasma sheet compression.

The bifurcated structure of the cross‐tail current sheet can be clearly observed in Figure [1](#jgra51972-fig-0001){ref-type="fig"} (top). The current density near the central plane of the current sheet showed a lesser variation (1--2 nA/m^2^) compared with that (1--8 nA/m^2^) slightly off the central plane, where \|*B* ~*x*~\| \~ 20 nT. The median vertical profiles were constructed using 392 and 3072 current density observations in two regions: −8 \> *X* \> −10 *R~E~* and −10 \> *X* \> −12 *R~E~*, respectively. Both median profiles show that the peak of the current density is located off the central plane of the current sheet. On average, the degree of bifurcation is strong for the inner region −8 \> *X* \> −10 *R~E~* but is weak for the outer region −10 \> *X* \> −12 *R~E~*. In Figure [2](#jgra51972-fig-0002){ref-type="fig"}, the current densities in the two tail domains are plotted separately to clarify their differences.

![Vertical profiles of the cross‐tail current density, *J* ~*y*~, for a typical solar wind condition (Figure [1](#jgra51972-fig-0001){ref-type="fig"}, top) shown separately for − 8 \> *X* \> − 10 *R~E~* and − 10 \> *X* \> − 12 *R~E~*.](JGRA-120-6258-g002){#jgra51972-fig-0002}

Figure [3](#jgra51972-fig-0003){ref-type="fig"} shows the median *J* ~*y*~ profile as a function of the location, *z*. The *J* ~*y*~ profile as a function of \|*B* ~*x*~\| (the median profiles in Figure [1](#jgra51972-fig-0001){ref-type="fig"}, top) were rewritten by integrating $$J_{y}\left( B_{x} \right) = \frac{1}{\mu_{0}}\frac{\Delta B_{x}}{\Delta z}\text{.}$$

![Median profiles of (top) *J* ~*y*~ and (bottom) *B* ~*x*~ as functions of *Z* at − 8 \> *X* \> − 10 *R~E~* (solid line) and − 10 \> *X* \> − 12 *R~E~* (dashed line).](JGRA-120-6258-g003){#jgra51972-fig-0003}

Then, we have $$z = \sum\limits_{i = 0}\Delta z\left( B_{x} \right) = \left. \sum\frac{1}{\mu_{0}}\frac{\Delta B_{x}}{J_{y}\left( B_{x} \right)}\text{.} \right.$$

Here *B* ~*x*~ can be represented by an integer *i*. $$B_{x} = \frac{\Delta B_{x}}{2} + i\Delta B_{x}\text{.}$$

In Figure [2](#jgra51972-fig-0002){ref-type="fig"}, we used Δ*B* ~*x*~ = 5 nT to deduce the median profile. The location where *z* = 0 in Figure [3](#jgra51972-fig-0003){ref-type="fig"} corresponds to the location where Δ*B* ~*x*~ = 2.5 nT. Using equation [(4)](#jgra51972-disp-0004){ref-type="disp-formula"}, the median profile of *B* ~*x*~(*z*) can also be reconstructed. Figure [3](#jgra51972-fig-0003){ref-type="fig"} shows that the median half thickness was about 3 *R~E~*, while the difference between the peak of the current density and the central plane of the current sheet was 0.5 *R~E~* and 1 *R~E~* in regions −8 \> *X* \> −10 *R~E~* and −10 \> *X* \> −12 *R~E~*, respectively.

To obtain further insight on the formation of bifurcated current sheets, the high current densities were examined statistically as follows. In the present study, we defined *J* ~*y*~ \> 4 nA/m^2^ as a high current density observation. The probability of a high current density was found to be low, as there were only 106 occurrences out of 3838 observations. The high current density events occurred in a spatially and temporally limited window. Figure [4](#jgra51972-fig-0004){ref-type="fig"} shows the dependence of their occurrence on the solar wind dynamic pressure, *B* ~*z*~, of the interplanetary magnetic field (IMF) in GSM coordinates and the auroral electrojet (*AE*) index. These dependencies are shown as two histograms to allow a comparison with the entire observations of *J* ~*y*~ and the observations of high current densities. Being consistent with Figure [1](#jgra51972-fig-0001){ref-type="fig"}, the solar wind dynamic pressure barely influenced the occurrence of high current densities. In contrast, the histograms of the IMF *B* ~*z*~ and *AE* data for the high current density occurrences were different from those for the entire observations, indicating that a dependence existed. The average values of the southward component of the IMF *B* ~*z*~ and *AE* were higher in the high current density observations. Hence, a high current density is a phenomenon that occurs prevalently in geomagnetically active events. The high current densities occurred in a consecutive time sequence and could be grouped into 21 intervals. Two intervals are shown in the appendix. To examine their association with substorms, we referred to the THEMIS data of field, particle, and ground‐based auroral global images (<http://themis.ssl.berkeley/edu/summary>) and the time series data of geomagnetic indices from a substorm swift search (http://s‐cubed). There were 14 substorm intervals out of 21 occurrences, including both growth and expansion phases. There were six intervals that were quiet times, while a single interval was unclassified.

![The dependence on the solar wind dynamic pressure, the interplanetary magnetic field of *B* ~*z*~, and the *AE* index for the occurrence of the high current densities. The red and black colored histograms denote the sets of high current density observations and the entire observations, respectively.](JGRA-120-6258-g004){#jgra51972-fig-0004}

Figure [5](#jgra51972-fig-0005){ref-type="fig"} shows the distributions of the locations, *X* and *Y*, for the entire observations, along with the high current density observations. Figure [5](#jgra51972-fig-0005){ref-type="fig"} (left column) is plotted using the same definitions as in Figure [4](#jgra51972-fig-0004){ref-type="fig"}. The *X* and *Y* locations are the average values between the two spacecraft. Figure [5](#jgra51972-fig-0005){ref-type="fig"} (right column) shows the normalized occurrence frequency of the high current density observations as a function of the location. Most of the observations were sampled from the outer part, where *X* \~ −11 *R~E~*. The normalization showed that the occurrence frequency of high current densities was monotonically higher in the inner region of the tail. There was no noticeable dependence on the *Y* location.

![(left column) The dependences on the location, *X* and *Y*, for the occurrence of the high current densities. The red and black colored histograms denote the high current density observations and the entire observations, respectively. (right column) The normalized occurrence frequencies of the high current densities as a function of the location, *X* and *Y*.](JGRA-120-6258-g005){#jgra51972-fig-0005}

Figure [6](#jgra51972-fig-0006){ref-type="fig"} shows the distribution of *B* ~*z*~ and elevation angle, *θ*, of the magnetic field, where $\theta = \tan^{- 1}\left( B_{z}/\sqrt{{B_{x}}^{2} + {B_{y}}^{2}} \right)$. These were average values between the two spacecraft. Both parameters characterized the local magnetic geometry, such as the degree of stretched or tailed structure. The panels are organized using the same layout as defined in Figure [5](#jgra51972-fig-0005){ref-type="fig"}. The histograms of *B* ~*z*~ and *θ* for the entire observations show a single peaked distribution. However, the histograms for the high current density observations show a double peaked distribution. This characteristic is more emphasized in the normalized occurrence frequencies. These indicate that the formation of a high current density occurs in two magnetic geometries: in a tail‐like structure (small *B* ~*z*~ and small *θ*) and in a dipolar structure (large *B* ~*z*~ and large *θ*). There are at least two different tail configurations that can support a high current density as well as the formation of a bifurcated current sheet.

![(left column) The dependence on the normal magnetic field, *B* ~*z*~, and the magnetic elevation angle for the occurrence of the high current densities. The colors denote the same as those defined in Figure [5](#jgra51972-fig-0005){ref-type="fig"}. (right column) The normalized occurrence frequencies of the high current densities as a function of *B* ~*z*~ and elevation angle.](JGRA-120-6258-g006){#jgra51972-fig-0006}

4. Discussion {#jgra51972-sec-0004}
=============

4.1. Analysis Techniques for the Current Sheet Structure {#jgra51972-sec-0005}
--------------------------------------------------------

We examined the cross‐tail current sheet and its vertical profile using two‐point spacecraft measurements in the midnight sector (\|*Y*\| \< 5  *R* ~*E*~) of the near‐Earth tail (−8 \> *X* \> −12 *R~E~*). The use of nearly 7 years THEMIS data allowed us to assess basic properties of the current sheet for the first time. The four‐spacecraft Cluster mission has revealed a vertical profile of the tail current sheet by direct measurements during current sheet crossings and has shown the presence of a non‐Harris current sheet \[e.g., *Runov et al*., [2003](#jgra51972-bib-0023){ref-type="ref"}; *Asano et al*., [2005](#jgra51972-bib-0005){ref-type="ref"}; *Narita et al*., [2013](#jgra51972-bib-0022){ref-type="ref"}\]. In these studies, the obtained current sheet structure was based on a limited number of event‐based studies. In contrast, the present method is based on a relatively simple principle and, therefore, can be performed automatically for the extensive data set that covers various geomagnetic conditions. The assumptions of the pressure balance and the Harris current sheet profile are avoided. In addition, an association of spacecraft crossings of the current sheet and a flapping motion are not necessary. Because of this automated analysis, the vertical profile of the current density and its basic properties were revealed statistically. The statistical properties are useful for interpreting future improvements of in situ measurements of the current density to understand the current sheet structure. A high current density in the near‐Earth tail means that the formation of a single thin current sheet for typical solar wind dynamic pressures is unlikely. Assuming that a Harris current sheet exists in the near‐Earth tail will lead to a serious failure in an estimation of the thickness and the structure of the current sheet.

A drawback of using THEMIS measurements is the large spacing between the spacecraft. The obtained current densities ranged from 0 to 8 nA/m^2^. Some of the obtained current densities may be underestimated, while for a dipolar geometry, there are cases where the obtained current densities may be overestimated by up to \~2 nA/m^2^, as explained in [section 2](#jgra51972-sec-0002){ref-type="sec"}. Accordingly, the structure of the obtained vertical profile may be less pronounced to some extent, and there may be a bias because of the fact that many current density observations satisfying the analysis criteria were obtained in 2010 and from the region −10 \> *X* \> −12 *R~E~*.

4.2. High Current Density {#jgra51972-sec-0006}
-------------------------

Because the geometry of the near‐Earth tail can change widely from a tail‐like to a dipolar structure, a large variation in current density may be expected to occur in the equatorial plane. However, the variation near the equatorial plane was found to be minor. The largest variation occurred slightly off the equatorial plane (0.5 to 1 *R~E~*). These statistics suggest that the current sheet structure is bifurcated when the current density is \>4 nA/m^2^. We studied the scenario where a bifurcated current sheet was formed during the growth phase of substorms. This scenario has been supported by several observations. A generally accepted idea is that an enhanced current is a growth phase phenomenon \[e.g., *Mitchell et al*., [1990](#jgra51972-bib-0020){ref-type="ref"}; *Ohtani et al*., [1992](#jgra51972-bib-0016){ref-type="ref"}\]. The current density can increase with lobe pressure, which is another typical growth phase phenomenon \[*Nagai et al*., [1997](#jgra51972-bib-0021){ref-type="ref"}\]. However, the present results only partly support this conventional view. The present study is relevant to an alternative process of plasma sheet thinning, for example, thinning caused by magnetic flux depletion as a result of dayside erosion of the magnetic flux \[*Hsieh and Otto*, [2014](#jgra51972-bib-0015){ref-type="ref"}\]. Hsieh and Otto proposed that magnetic flux erosion in the dayside, which is a direct consequence of encountering the southward component of IMF, would lead to magnetic flux depletion in the inner edge of the tail plasma sheet. Their numerical model shows that the depletion of the magnetic flux can be another cause of plasma sheet thinning without an increase in lobe pressure. Their idea agrees well with our results, which show a relationship between the IMF *B* ~*z*~ and a high current density in the tail. In addition, our study ruled out the notion that the solar wind dynamic pressure plays a major role in increasing the current density, but the solar wind dynamic pressure can raise the minimum possible value of the current density.

One unexpected finding was that a high current density stably forms structures with both tail‐like and dipolar geometries. The dipolar geometry occurs during the expansion phase of a substorm. The occurrence of the expansion phase was confirmed from the THEMIS auroral and geomagnetic field data. A thinning of the plasma sheet is not the only way to explain the high current density and bifurcation of the current sheet. During dipolarization and substorm expansion phases, the magnetic field is substantially perturbed. Using a test particle simulation, *Greco et al*. \[[2002](#jgra51972-bib-0013){ref-type="ref"}\] have suggested that magnetic turbulence may explain the bifurcation of the current sheet. In their model, bifurcation was obtained by a weakening of the current density near the central plane of the current sheet from magnetic turbulence that perturbs the meandering motion *v* ~*y*~ of ions.

4.3. Bifurcated Current Sheet and Diamagnetic Current {#jgra51972-sec-0007}
-----------------------------------------------------

Figure [7](#jgra51972-fig-0007){ref-type="fig"} shows the average property of the near‐Earth current sheet for a tail structure. Because the median profile shows a bifurcated structure, this bifurcated structure is a typical and stable structure. This fact suggests that the bifurcated structure may be stable against various instabilities such as fire hose instability and ballooning instability. Using both theory and simulations, *Matsui and Daughton* \[[2008](#jgra51972-bib-0019){ref-type="ref"}\] suggested that the bifurcated current sheet has a stronger stabilizing effect on the tearing instability in the case of a thin current sheet. However, our results indicate that the average current sheet is thick. Matsui and Daughton\'s model may not be directly relevant to the near‐Earth tail geometry.

![Illustration of the average current sheet profile.](JGRA-120-6258-g007){#jgra51972-fig-0007}

The possible stability of bifurcated current sheets has been pointed out previously by *Génot et al*. \[[2005](#jgra51972-bib-0012){ref-type="ref"}\] based on Cluster observations. Note that the properties of the bifurcated current sheet from the Cluster data in the midtail differ from that in the near‐Earth tail. While the current density in the equatorial plane does not reach a null value in the near‐Earth tail, in the midtail it was found to be almost zero in the equatorial plane during bifurcation. This bifurcation was associated with small‐scale neutral lines as reported by *Thompson et al*. \[[2006](#jgra51972-bib-0033){ref-type="ref"}\]. The vertical scale lengths were considerably different between the near‐Earth tail and midtail regions, and particle effects are expected to be different. The midtail is often referred to as a site for magnetic reconnection and is characterized by a thin current sheet where electrons predominately carry the current. On the other hand, the current sheet is relatively thick in the near‐Earth tail where the MHD approximation is worth considering.

The diamagnetic current ***J*** ~⊥~ is given by $$\mathbf{J}_{\bot} = \frac{\mathbf{B} \times \nabla P}{B^{2}}\text{,}$$where *P* is the thermal plasma pressure, ***B*** is the magnetic field vector, and *B* = \|***B***\|. For simplicity, *B* ~*y*~ = 0. The *y* component of the diamagnetic current in the magnetic equatorial plane is $$\mathbf{J}_{\bot y,\ {eq}} = \frac{\left( {\nabla P} \right)_{x,\ {eq}}}{B_{z,{eq}}}\text{.}$$

The current density off the equatorial plane is $$\mathbf{J}_{\bot y} = \frac{B_{z}\left( {\nabla P} \right)_{x} - B_{x}\left( {\nabla P} \right)_{z}}{{B_{x}}^{2} + {B_{z}}^{2}}\text{.}$$

Equation [(7)](#jgra51972-disp-0007){ref-type="disp-formula"} can be simplified by introducing *α*, where $$\alpha = \frac{B_{z}}{B_{x}}\text{.}$$

This ratio is indicative of the magnetic elevation angle, having a value of about 0.2 for tail geometry and about 1 for dipolar geometry in the near‐Earth tail. Note that the plasma pressure is constant along the magnetic field lines because the pressure balance along the magnetic field line may be easily and quickly achieved owing to the high temperature. Further, we have $$\left. \alpha = \frac{B_{z}}{B_{x}} \right.\sim - \frac{\left( {\nabla P} \right)_{x}}{\left( {\nabla P} \right)_{z}}\text{.}$$

Then, equation [(7)](#jgra51972-disp-0007){ref-type="disp-formula"} can be approximated as $$\left. \mathbf{J}_{\bot y} \right.\sim\frac{\alpha B_{x}\left\{ {- \alpha\left( {\nabla P} \right)_{z}} \right\} - B_{x}\left( {\nabla P} \right)_{z}}{{B_{x}}^{2} + \left( {\alpha B_{x}} \right)^{2}} = - \frac{\left( {\nabla P} \right)_{z}}{B_{x}}\text{.}$$

Note that equation [(10)](#jgra51972-disp-0010){ref-type="disp-formula"} is obtained without assuming *B* ~*z*~ = 0. In the near‐Earth tail, *B* ~*z*~ is not negligible. To characterize the degree of bifurcation, we defined *k* as the ratio of current densities between the two points: the magnetic equator and the current density peak, $$\left. k\text{≡}\mathbf{J}_{\bot y}/\ \mathbf{J}_{\bot y,\ {eq}}\text{.} \right.$$

When *k* has a value of unity or less, the current sheet is either uniform or a single peaked profile along the *z* direction. When *k* \> 1, the current sheet is bifurcated. From this observation, we have an average of *k* ≥ 1 in the region −10 \> *X* \> −12 *R~E~*, and *k* \~ 2 in the region −8 \> *X* \> −10 *R~E~*. When the high current of 8 nA/m^2^ appears off the equatorial plane, the value of *k* increases to 8. Substituting equations [(6)](#jgra51972-disp-0006){ref-type="disp-formula"} and [(10)](#jgra51972-disp-0010){ref-type="disp-formula"} into equation [(11)](#jgra51972-disp-0011){ref-type="disp-formula"} gives $$k = \frac{B_{z,{eq}}}{B_{x}}\frac{L_{x,{eq}}}{L_{z}}\text{.}$$

The pressure gradients are replaced as (∇*P*)~*x*~ = *P*/*L* ~*x*,eq~, and (∇*P*)~*z*~ = *P*/*L* ~*z*~. Figure [1](#jgra51972-fig-0001){ref-type="fig"} shows that \|*B* ~*x*~\| is about 20 nT at the peak of the current density profile. Figure [6](#jgra51972-fig-0006){ref-type="fig"} shows that there are two typical values of *B* ~*z*~ for the occurrence of a high current density. In the following, we will consider two values of *B* ~*z*,eq~: *B* ~*z*,eq~ = 5 nT and *B* ~*z*,eq~ = 20 nT. For simplicity, we will let *L* ~*x*,eq~ = 5 *R~E~* and 1 \< *L* ~*z*~ \< 4 *R~E~*. When *B* ~*z*,eq~ = 5 nT, we have *k* \~ 0.3 and 1.3 for *L* ~*z*~ = 4 and 1 *R~E~*, respectively. Hence, the thinning of the plasma sheet from 4 to 1 *R~E~* may account for the moderate bifurcation from a single peaked profile. The diamagnetic current and equation [(12)](#jgra51972-disp-0012){ref-type="disp-formula"} can explain the average bifurcation for the outer region −10 \> *X* \> −12 *R~E~*. Note that *L* ~*z*~ is the minimum scale of the gradient in the vertical direction. If *L* ~*z*~ can decrease in the inner region −8 \> *X* \> −10 *R~E~*, then the bifurcation value of *k* \~ 2 can be obtained. Consideration beyond the isotropic MHD approximation may be needed to explain the bifurcated current sheet in the inner region −8 \> *X* \> −10 *R~E~* for tail‐like geometry. On the other hand, when *B* ~*z*,eq~ = 20, large values of *k* can be easily obtained, such as *k* \~ 1.3 and 5 (*L* ~*z*~ = 4 and 1 *R~E~*, respectively). Moderate bifurcation can be easily achieved in a thick current sheet. However, assuming a small value, such as *L* ~*z*~ = 1 *R~E~*, may be inconsistent with a large value of *B* ~*z*,eq~. In this respect, the diamagnetic current may explain only a weak to moderate bifurcation. In summary, this concise analysis suggests that the observed maximum bifurcation of *k* \~ 8 is difficult to explain solely by the diamagnetic current. Accordingly, the formation of a high current density is difficult to explain within isotropic MHD frameworks. Additional effects, such as anisotropy or particle effect may be important.

5. Conclusions {#jgra51972-sec-0008}
==============

THEMIS observations from 2007 to 2013 allowed us to study the distribution of the cross‐tail current density in the near‐Earth tail (−8 \> *X* \> −12 *R~E~*). The statistical properties of the high current density observations are also presented for the first time. The statistical variation in the current density included minimum and maximum current densities that could occur under various geomagnetic conditions. The minimum possible current density with a nonzero value existing in the equatorial plane indicates a perpetual presence of the current sheet. In typical solar wind conditions, all the high current density observations were located off the central plane of the current sheet. By examining the median vertical profile, the current sheet was found to be thick and bifurcated. This bifurcated structure should be related to the stable state of the near‐Earth tail. The average distance between the peak of the current density and the equatorial plane was 0.5 to 1 *R~E~*. The average half thickness of the current sheet was approximately 3 *R~E~*. Presumably, owing to this nonuniform profile, the current density can increase more than that expected from a uniform or single peaked profile. The high current density observations preferentially occurred during the growth phase and the expansion phase of substorms but also occurred in quiet times. Since the high current density observations are found to be independent of the solar wind dynamic pressure, we concluded that the compression of the plasma sheet was not an explanation for the observed high current densities. Other mechanisms need to be developed to fully understand the structure and the evolution of the current sheet in the near‐Earth tail. Compared with the solar wind dynamic pressure, the southward component of the interplanetary magnetic field controls the formation of high current densities in the near‐Earth tail. Unconventional ideas and models, such as the tail evolution suggested by *Hsieh and Otto* \[[2014](#jgra51972-bib-0015){ref-type="ref"}\], are relevant to explain the present results.

Increased accuracy of the current density will be achieved in the future using multipoint spacecraft missions with smaller spacings, such as NASA\'s Magnetospheric Multiscale mission. The calculated current densities will be higher than those of the present method. In addition, the evaluation of the current density using particle measurements will increase the observations of high current densities. Although the present method underestimated the current density, the vertical profile was less pronounced, and our study presents convincing evidence of a bifurcated current sheet. We believe that the vertical profile obtained from the present analysis is useful for interpreting in situ current density data. High current density observations in the near‐Earth tail are unlikely to be related to the formation of a single, thin current sheet but are related to a bifurcation of the current sheet.
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The choice of coordinate system, SM or GSM, is critical for studying the magnetic structure. This appendix will show that the SM coordinates are appropriate for the near‐Earth tail (*X* \~ −10 *R~E~*). When the dipole tilt angle is zero, the SM and GSM coordinate systems are identical. When the dipole tilt angle is large, the magnetic equatorial plane hinges at an estimated distance of 7.4 *R~E~* to 10.4 *R~E~* \[*Tsyganenko et al*., [1998](#jgra51972-bib-0034){ref-type="ref"}\]. This problem is illustrated in Figure [A1](#jgra51972-fig-0008){ref-type="fig"}. The question is whether the near‐Earth tail is a region denoted as B in Figure [A1](#jgra51972-fig-0008){ref-type="fig"} where the plane of the magnetic equator is parallel to the *x* axis of the SM coordinates, denoted as A, or that of the GSM coordinates, denoted as C. We propose that this question can be answered by analyzing the number of magnetic field reversals. A reversal of *B* ~*x*~ should indicate the location of the magnetic equatorial plane. The idea is that if the plane of the magnetic equator is not parallel to an axis of the chosen coordinate systems, then the detection of the magnetic equator based on a change in sign of *B* ~*x*~ will fail for a large dipole tilt angle. For this purpose, we use 5 min averaged magnetic field data. The reversals in *B* ~*x*~ were checked every 10 min, covering the entire period and all dipole tilt angles. We selected observations in which the separation in the *z* direction was \<1 *R~E~*. The number of *B* ~*x*~ reversals was 3687 using SM coordinates and 2171 using GSM coordinates. The use of the GSM coordinate system failed to identify some of the magnetic equators and, therefore, was not appropriate in the tail −8 \> *X* \> −12 *R~E~* with a large dipole tilt angle.

![The idealistic orientation of the magnetic equatorial plane is shown by the red line. The actual orientation of the magnetic equator is shown in Figure [A3](#jgra51972-fig-0010){ref-type="fig"} with a large dipole tilt angle.](JGRA-120-6258-g008){#jgra51972-fig-0008}

Figure [A2](#jgra51972-fig-0009){ref-type="fig"} shows the position of the magnetic equator as a function of the dipole tilt angle for both coordinate systems. Both plots show a dependence on the dipole tilt angle. The location *Z* ~EQ~ is given by $\left. Z_{EQ} = \left( {Z_{1} - Z_{2}\frac{B_{x2}}{B_{x1}}} \right)/\left( {1 - \frac{B_{x2}}{B_{x1}}} \right) \right.$, where *Z* ~1~ and *Z* ~2~ are the positions of the two spacecraft and *B* ~*x*1~ and *B* ~*x*2~ are the *x* components of the magnetic field. The magnetic equators are distributed around the *Z* = 0 plane of the SM coordinates. As the dipole tilt angle increases, the magnetic equators become separated from the *Z* = 0 plane of the GSM coordinates. Knowing the location of the magnetic equator *Z* ~EQ~ = 4 *R~E~* with tilt angle = 30° in GSM coordinates, we obtained a hinging distance of 7 *R~E~* by fitting the results to the idealistic orientation of the magnetic equator, as shown in Figure [A1](#jgra51972-fig-0008){ref-type="fig"}.

![The locations of the *B* ~*x*~ reversal versus dipole tilt angle.](JGRA-120-6258-g009){#jgra51972-fig-0009}

Figure [A3](#jgra51972-fig-0010){ref-type="fig"} shows the position of the magnetic equator as a function of the location, *x*, for dipole tilt angles \>20°. The detected number of magnetic field reversals was significantly different between the SM and GSM data, confirming our proposition that detection using GSM coordinates failed notably for large dipole tilt angles. The idealistic orientations of the magnetic equator are plotted in Figure [A3](#jgra51972-fig-0010){ref-type="fig"} for dipole tilt angles of ±20° and ±30°. We assumed a hinging distance of 7 *R~E~*. If the idealistic orientation is correct, then the appropriate coordinate system would be the GSM coordinate system. However, we found that the GSM coordinates were not appropriate, because the orientation of the magnetic equator was different from the idealistic orientation, which has a sharp curve at the hinging distance. If the GSM coordinates are appropriate, then the location of the magnetic equator in SM coordinates should change linearly to the *x* locations having tilt angles from 20*°* to 30*°* for dipole tilt angles \>20*°*. However, the observed tilt was, at most, \~7.5*°* (\~0.5 *R~E~*/3 *R~E~*), indicating that *Z* = 0 in SM coordinates corresponds relatively better with the plane of the magnetic equator and the central plane of the current sheet.

![The locations of the *B* ~*x*~ reversals versus position, *x*, indicating the orientation of the magnetic equator in the *x‐z* plane with a dipole tilt angle \> 20°. The red dotted lines denote the idealistic orientation of the magnetic equatorial plane. See text for details.](JGRA-120-6258-g010){#jgra51972-fig-0010}
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This study assumed that in the midnight sector of the tail, *J* ~*y*~ can be suitably approximated by $\frac{\Delta B_{x}}{\mu_{0}\Delta z}$ and can be regarded as the cross‐tail current density. This appendix will show the validity of this assumption by demonstrating that (1) the amplitude of the field‐aligned current is small in the *y* component and (2) the absolute value of $\frac{\Delta B_{\mathit{z}}}{\mu_{0}\Delta x}$ is small for a dipolar structure. Using the same data set and the calculation criteria, *J* ~*x*~ is $\frac{- \Delta B_{y}}{\mu_{0}\Delta z}$. The field‐aligned components are $J_{x \parallel} = J_{x}\frac{B_{x}}{B}$ and $J_{y \parallel} = J_{y}\frac{B_{y}}{B}$.

Figure [A4](#jgra51972-fig-0011){ref-type="fig"} shows the relationship between the absolute values of *J* ~*y*~ and the perpendicular component $J_{\bot} = \sqrt{\left( {J_{y} - J_{y \parallel}} \right)^{2} + \left( {J_{x} - J_{x \parallel}} \right)^{2}}$. It is evident that most of the observed *J* ~*y*~ values were almost identical to the *J* ~⊥~ values.

![*J* ~*y*~ versus *J* ~⊥~ for a typical solar wind condition of (left) *P* ~dy~ \< 3 nPa and high solar wind pressure (right) *P* ~dy~ \> 5 nPa. The solid lines indicate *J* ~*y*~ = *J* ~⊥~.](JGRA-120-6258-g011){#jgra51972-fig-0011}

Figures [A5](#jgra51972-fig-0012){ref-type="fig"} and [A6](#jgra51972-fig-0013){ref-type="fig"} are 4 h plots of the high‐current‐density observations on 31 March 2010 and 15 February 2009, respectively. Figure [A5](#jgra51972-fig-0012){ref-type="fig"} is consistent with the conventional picture of the current density evolution during the substorm growth phase. The current density was high before the substorm onset and decreased during the expansion phase. The high current density appeared in the tail structure. Figure [A6](#jgra51972-fig-0013){ref-type="fig"} includes an interval of the high current density in the dipolar structure. For both events, *J* ~*y*~ and *J* ~⊥~ were almost identical. The assumption of *J* ~*y*~ as the cross‐tail current density holds during substorms.

![From top to bottom, (first and second panels) the THEMIS magnetometer data for 4 h. (third and fourth panels) The current densities calculated from the data from Figures [A5](#jgra51972-fig-0012){ref-type="fig"} (first panel) and [A5](#jgra51972-fig-0012){ref-type="fig"} (second panel). Figure [A5](#jgra51972-fig-0012){ref-type="fig"} (third panel) represents 3 s data of *J* ~*y*~. Figure [A5](#jgra51972-fig-0012){ref-type="fig"} (fourth panel) shows 5 min averaged data of both *J* ~*y*~ and *J* ~⊥~. The event on 31 March 2010 is an example of high‐current‐density observations in a tail structure during substorm. The current density decreased after the onset of the substorm.](JGRA-120-6258-g012){#jgra51972-fig-0012}

![The plot format is the same as in Figure [A5](#jgra51972-fig-0012){ref-type="fig"}. This event on 15 February 2009 is another example of the high‐current‐density observations, but in a dipolar structure during substorm. As the spacecraft moved from a distance of 7.2 *R~E~* at 0200 UT to 10.5 *R~E~* at 0600 UT, *J* ~*y*~ decreased gradually. Additionally, after the substorm onsets at 0300 and at 0430 UT, the current densities increased and the high current densities lasted for 10 to 15 min.](JGRA-120-6258-g013){#jgra51972-fig-0013}

The absolute value of $\frac{\Delta B_{z}}{\mu_{0}\Delta x}$ for a dipolar structure in the near‐Earth tail can be estimated from Figure [A6](#jgra51972-fig-0013){ref-type="fig"}. On 15 February 2009, the THEMIS spacecraft moved from a distance of 7.2 *R~E~* at 0200 UT to 10.5 *R~E~* at 0600 UT. Meanwhile, *J* ~*y*~ had decreased gradually, and *B* ~*z*~ had not decreased, as expected from an ideal dipole. This observation suggests that the absolute value of $\frac{\Delta B_{z}}{\mu_{0}\Delta x}$ for the dipolar structure is negligible in the near‐Earth tail. In this region, the magnetic geometry is far from the ideal dipole geometry in a vacuum. (The term dipolar means that it is only relatively dipolar.)
